Astroviruses are small, nonenveloped viruses with a single-stranded positive-sense RNA genome causing acute gastroenteritis in children and immunocompromised patients. Since positive-sense RNA viruses have frequently been found to replicate in association with membranous structures, in this work we characterized the replication of the human astrovirus serotype 8 strain Yuc8 in Caco-2 cells, using density gradient centrifugation and free-flow zonal electrophoresis (FFZE) to fractionate cellular membranes. Structural and nonstructural viral proteins, positive-and negative-sense viral RNA, and infectious virus particles were found to be associated with a distinct population of membranes separated by FFZE. The cellular proteins associated with this membrane population in infected and mock-infected cells were identified by tandem mass spectrometry. The results indicated that membranes derived from multiple cell organelles were present in the population. Gene ontology and protein-protein interaction network analysis showed that groups of proteins with roles in fatty acid synthesis and ATP biosynthesis were highly enriched in the fractions of this population in infected cells. Based on this information, we investigated by RNA interference the role that some of the identified proteins might have in the replication cycle of the virus. Silencing of the expression of genes involved in cholesterol (DHCR7, CYP51A1) and fatty acid (FASN) synthesis, phosphatidylinositol (PI4KIII␤) and inositol phosphate (ITPR3) metabolism, and RNA helicase activity (DDX23) significantly decreased the amounts of Yuc8 genomic and antigenomic RNA, synthesis of the structural protein VP90, and virus yield. These results strongly suggest that astrovirus RNA replication and particle assembly take place in association with modified membranes potentially derived from multiple cell organelles.
A stroviruses are common etiological agents of acute gastroenteritis in children and immunocompromised patients (1, 2) . They have also been associated with neurological diseases in humans (3) and other mammals, like minks and cattle (4, 5) . In birds, astroviruses cause different pathologies, manifesting as hepatitis in ducks (6) and poultry enteritis mortality syndrome (PEMS) in turkeys (7) . There is no vaccine or specific antiviral therapy against astrovirus disease.
Astroviruses are small, nonenveloped viruses with a singlestranded positive-sense RNA [(ϩ)RNA] genome (2) . The virus genome has three open reading frames (ORFs), named ORF1a, ORF1b, and ORF2. ORF1a is translated into nsp1a, a nonstructural polyprotein precursor that is subsequently processed by viral and cellular proteases (2) . ORF1b encodes nsp1b, the RNA-dependent RNA polymerase (2, 8) . ORF2 encodes a precursor structural polyprotein, named VP90 in the human astrovirus (HAstV) serotype 8 (HAstV-8) strain Yuc8, which is proteolytically processed to produce the final capsid viral proteins VP34, VP27, and VP25 through a precursor polypeptide named VP70. ORF2 is expressed from a subgenomic RNA that is coterminal with the genomic RNA (RNAg) at the 3= end (2, 9) .
Viruses interact with a large number of cellular proteins during their replication cycle (10) . (ϩ)RNA viruses take advantage of host cells by subverting host protein synthesis and remodeling membranes, co-opting and modulating protein and ribonucleoprotein complexes, and altering cellular metabolic pathways during infection (11) . They utilize intracellular membranes to assem-ble their RNA replication complexes, usually in conjunction with membrane vesicle formation or other membrane rearrangements to generate distinct organelle-like structures, designated viral replication factories (10, (12) (13) (14) . The association with membranes provides advantages to virus replication: it protects replicating RNA from cellular nucleases; conceals replication-intermediate double-stranded RNA (dsRNA), thus preventing the induction of cellular innate immune responses; provides a scaffold that increases the local concentration of molecules involved in replication; and provides the proper topological orientation of replication complex components (12, 13) .
Multiple approaches have been used to study the host factors involved in (ϩ)RNA virus replication, including genome-wide screens (15, 16) , riboproteomics (17) , yeast two-hybrid screens (18, 19) , and copurification of viral and cellular proteins to recognize host factors that are part of viral replication complexes or interact with viral replication proteins (11) . Electron microscopy linked to electron tomography has become a powerful tool to determine structural changes in organelles and membrane rearrangements in infected cells (20) (21) (22) .
Our group previously reported on the association of structural and nonstructural proteins, as well as viral RNA, with membranes derived from astrovirus-infected Caco-2 cells isolated using iodixanol density centrifugation (23) , suggesting that astroviral RNA replication occurs in association with membranes. In this work, we further characterized the association of astrovirus with host cell membranes using free-flow zonal electrophoresis (FFZE), a versatile technique that allows the separation of membranes on the basis of the net surface charge during laminar flow through a thin aqueous layer (24, 25) . Yuc8 structural and nonstructural proteins, as well as positive-and negative-sense viral RNA and infectious virus, were found to be associated with a distinct population of cell membranes derived from different organelles. A proteomic approach was used to identify the cellular proteins associated with this membrane population, and using RNA interference, the potential role which some of these proteins might have in the replication cycle of the virus in Caco-2 cells was investigated. Knocking down the expression of genes involved in cholesterol and fatty acid synthesis, phosphatidylinositol and inositol phosphate metabolism, and RNA helicase activity decreased the amount of Yuc8 genomic RNA and antigenomic RNA (RNAag) produced and the yield of the structural polyprotein precursor VP90 and of progeny virus, suggesting that astrovirus RNA replication and particle assembly take place in association with potentially different cellular membranes.
MATERIALS AND METHODS
Cells, virus, and reagents. Cells of the colon adenocarcinoma Caco-2 cell line, obtained from the American Type Culture Collection, were propagated in a 10% CO 2 atmosphere at 37°C with advanced Dulbecco modified essential medium (DMEM; Sigma Chemical Co., St. Louis, MO) supplemented with nonessential amino acids (Gibco, Life Technologies, Carlsbad, CA) and 10% fetal bovine serum (FBS; Cansera, Ontario, Canada). HAstV serotype 8 strain Yuc8 was isolated in our laboratory, and it was grown as described previously (26) . Small interfering RNAs (siRNAs; smart pools) were purchased from GE Healthcare Dharmacon (Lafayette, CO). Horseradish peroxidase-conjugated goat anti-rabbit polyclonal and anti-mouse immunoglobulin antibodies were purchased from PerkinElmer Life Sciences (Boston, MA). Rabbit polyclonal antiserum to HAstV (Yuc8 strain) was previously described (27) . Mouse and rabbit polyclonal antisera to the recombinant astrovirus Yuc8 proteins 1a-3 (amino acid residues 401 to 638 of nsp1a) and 1b-2 (amino acid residues 201 to 362 of nsp1b), which recognize the protease and the RNA polymerase motifs, respectively, were produced in our laboratory (28) . Rabbit polyclonal antibodies to the recombinant protein E4 (amino acid residues 666 to 782 of VP90) has been described previously (27) .
Infectivity assay. For the infectivity assay, confluent Caco-2 cell monolayers were infected at a multiplicity of infection (MOI) of 5 with trypsin (Gibco, Life Technologies, Carlsbad, CA)-activated HAstV serotype 8 strain Yuc8 (26) and harvested at 18 h postinfection (hpi), unless otherwise indicated. The infected cells were detected by an immunoperoxidase focus-forming unit assay as described previously (27) . Briefly, confluent monolayers of Yuc8-infected Caco-2 cells were fixed with icecold 100% methanol for 15 min at room temperature, and intracellular viral antigen was detected with a rabbit hyperimmune serum to Yuc8 virus, followed by incubation with a peroxidase-conjugated goat antirabbit immunoglobulin polyclonal antibody. The binding of the secondary antibody was revealed with the substrate 3-amino-9-ethyl-carbazole (Sigma Chemical Co., St. Louis, MO), as previously described (29) .
Cell fractionation and FFZE membrane separation. Membrane protein enrichment using iodixanol gradients was carried out as described previously (23) . After sample ultracentrifugation, three visible bands above the 30% iodixanol interface were collected, pooled, and stored at Ϫ80°C; this procedure was repeated until a protein concentration of 30 mg/ml was reached. The proteins in the collected samples were analyzed by Western blotting with anti-Yuc8 antibody to confirm the presence of viral proteins. The pooled cellular membranes separated by the density gradient were fractionated by FFZE using a BD free-flow electrophoresis system (BD Proteomics, Germany) as previously described (24) . Following separation in the chamber, membrane fractions were continually collected in 96-well deep-well microtiter plates at 4 ml/well (Sunergia Medical, Herndon, VA). The separation of membranes by FFZE was monitored along the run by collecting aliquots in microtiter plates (250 l/well) at several time points and measuring the protein concentration (by determination of the optical density at 280 nm) using a microplate scanning spectrophotometer (Power WaveX; Bio-Tek Instruments, VT). The viral proteins in fractions separated by FFZE were detected by enzyme-linked immunosorbent assay (ELISA) (see below). Pools of selected consecutive fractions (every two) were concentrated for Western blot analysis by centrifugation at 100,000 ϫ g for 50 min at 4°C. The membrane pellets were resuspended in 150 l of TN buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) and stored at Ϫ80°C until analyzed.
ELISA. The presence of viral proteins in the 96 fractions separated by FFZE was evaluated by ELISA. Fractions were bound to wells in a 96-well plate overnight at 4°C. The plate was then washed three times with phosphate-buffered saline (PBS)-1% bovine serum albumin (BSA) and blocked with 50 l of this buffer for 1 h at 4°C. Then, 50 l of primary antibody (either rabbit polyclonal antibodies to Yuc8 virus, antibodies to the recombinant protein E4, or antibodies to the recombinant protein 1a-3) was added and the mixture was incubated overnight at 4°C. The plates were then washed three times with PBS-1% BSA and incubated for 1 h at 37°C with 50 l of alkaline phosphatase-labeled anti-rabbit immunoglobulin G conjugate. The plates were subsequently washed three times with PBS-1% BSA, the phosphatase substrate (1 mg/ml of p-nitrophenylphosphate [Sigma] in 1 mM MgCl 2 , 1% diethanolamine buffer, pH 9.8) was added, and the plates were incubated at room temperature until the absorbance at 408 nm of the positive control, consisting of a lysate of Yuc8-infected Caco-2 cells, reached a value of 1.0.
Immunoblotting. The detection of proteins by Western blotting was carried out as described previously (23) , using the primary antibodies indicated below.
LC-MS/MS. Combined FFZE fractions 17 and 18, 44 and 45, 46 and 47, 48 and 49, 52 and 53, and 78 and 79 were selected on the basis of the presence or absence of viral RNA. Fractions were precipitated with trichloroacetic acid and acetone. Briefly, 1.2 ml (600 l of each of the two fractions) was mixed with 240 l of Tris-EDTA (10 mM Tris HCl, 1 mM EDTA, pH 8.0), 100 l 0.3% sodium deoxycholate, and 100 l of 72% trichloroacetic acid. After incubation for 2 h on ice, the samples were centrifuged at 1,500 ϫ g for 20 min at 4°C. The supernatant was then aspirated, and the pellet was resuspended in 90% acetone at room temperature, followed by incubation at Ϫ20°C overnight. Following precipitation, the samples were centrifuged as described above, the supernatant was aspirated, and the pellets were dried for 20 min in a Savant integrated SpeedVac system (Thermo Fisher Scientific, Waltham, MA, USA). The samples were sent to the Proteomics Facility at the Institut de Recherches Cliniques (Montreal, Canada). The samples were prepared, digested, and analyzed by nano-liquid chromatography (nano-LC)-tandem mass spectrometry (MS/MS) as previously described (30) .
Database search. Tandem mass spectra were extracted by use of the Mascot Daemon application (version 2.2.2). All MS/MS spectra were analyzed using the Mascot server (Matrix Science, London, United Kingdom) and X! Tandem software (The GPM, version 2007.01.01.1 [thegpm.org]). Mascot was set up to search the ipi_HUMAN_v3_87 database (91,464 entries), assuming that digestion with trypsin was successful. Mascot and X! Tandem were searched with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 15 ppm. The iodoacetamide derivative of cysteine was specified as a fixed modification. The oxidation of methionine was specified as a variable modification (30) .
Criteria for protein identification. Scaffold software (version Scaffold_3.1.2; Proteome Software Inc., Portland, OR) was used to validate the MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they exceeded the specific database search engine thresholds, calculated as Ϫ10 log(P), where P is the probability that the observed match between the experimental data and the database sequence is a random event. Mascot identification requires that ion scores be at least greater than the associated identity scores and 20, 15, and 15 for peptides with double, triple, and quadruple charges, respectively. X! Tandem identification requires at least Ϫlog(expected) scores of greater than 2.0. Peptide identifications were accepted if they could be established as specified by the Peptide Prophet algorithm at greater than 95% probability (31) . Protein identifications were accepted if they could be established at greater than 99% probability and contained at least two unique peptides (32) . Proteins that contained similar peptides and could not be differentiated on the basis of MS/MS analysis alone were grouped to satisfy the principles of parsimony; i.e., when assembling peptides into proteins and protein groups, Scaffold software describes the minimum set of protein sequences that adequately accounts for all observed peptides.
Construction of protein-protein interaction networks. To map the identified proteins into the protein-protein interaction networks, the protein interaction data were gathered from the String database (version 9.1 [http://string.embl.de/]) (33), which includes experimental evidence of protein interactions, protein interaction databases, and text mining cooccurrences. The protein-protein interaction network was visualized using the Cytoscape program (version 3-0-2 [http://cytoscape.org]) (34), and statistical enrichment for specific Gene Ontology (GO) terms was performed using the ClueGO plug-in (version 2.1.3; Laboratory of Integrative Cancer Immunology) (35) .
siRNA transfection. All siRNAs were from GE Healthcare Dharmacon (Lafayette, CO) (siGENOME, SMARTpool siRNA reagents). Caco-2 cells were transfected with siRNAs using an Amaxa electroporation system (Cologne, Germany) following the manufacturer's guidelines. One and a half million cells and 1.5 g of siRNA were used per electroporation. Seventy-two hours later, the transfection mixture was removed and the cells were washed twice with minimum essential medium (MEM) and infected with astrovirus at an MOI of 5. At 18 hpi the cells were harvested in Laemmli sample buffer for Western blotting or in the TRIzol reagent (Invitrogen, Life Technologies, Carlsbad, CA) for RNA extraction.
LDH cell viability assay. Cell viability was determined with a commercial kit (Sigma-Aldrich Co., St. Louis, MO). At 72 hpi, the cell culture medium from the different experimental conditions was collected and stored at 4°C. The cell monolayer was then lysed according to the manufacturer's protocol. The supernatant and 1/10 of the cell fraction were independently mixed with the assay mixture and kept at room temperature for 30 min. The lactate dehydrogenase (LDH) activity was determined on the basis of the optical density of the samples, using the total LDH activity (from the medium and cells) as a control, and the data were expressed as a percentage of the total activity. Viral RNA analysis. Total extracted cellular RNA was reverse transcribed with SuperScript III reverse transcriptase (Invitrogen, Life Technologies, Carlsbad, CA) using oligonucleotides Mon344(Ϫ) or Mon343(ϩ) (see Table S1 in the supplemental material) (23, 36) , yielding an amplicon of 316 bp.
qRT-PCR analysis. Purified total RNA extracted from cell lysates was treated with RNase-free DNase (Roche, Basel, Switzerland) to eliminate possible DNA contamination. Quantitative reverse transcription-PCR (qRT-PCR) was performed with a first-strand cDNA synthesis kit and Maxima SYBR green quantitative PCR master mix (Thermo Fisher Scientific, Waltham, MA, USA) according to the standard protocol described in the instructions accompanying the kit. Quantitative analysis of the data was performed using the Prism 7000 analysis software program (Applied Biosystems, Life Technologies, Carlsbad, CA). The primers used to amplify ARF6, ARL1, DHCR7, CYP51A1, FASN, PI4KIII␣, PI4KIII␤, CDS2, ITPR3, DDX23, EIF6, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cellular mRNAs and ORF1b astrovirus Yuc8 RNA are listed in Table S1 in the supplemental material. The results were normalized to the level of total GAPDH mRNA detected in each RNA sample. The relative fold changes in gene expression were calculated by the 2⌬CT method, where C T is the threshold cycle (37) . The results presented are from three independent experiments, and statistical significance was determined with an unpaired two-tailed Student's t test.
RESULTS

FFZE separates membrane-associated proteins from astrovirus-infected Caco-2 cells in three different populations.
In a previous report, our group described the presence of astrovirus Yuc8 RNA polymerase in low-density fractions of iodixanol gradients of virus-infected Caco-2 cell homogenates, suggesting its association with cellular membranes (23) . To further characterize the interaction of infectious astrovirus and astrovirus components with cell membranes, we separated the pooled cellular membranes of Yuc8-infected cells obtained from iodixanol gradients by freeflow zonal electrophoresis (FFZE). Three distinct protein populations (populations I to III) were observed in fractions collected from both infected and mock-infected Caco-2 cells (Fig. 1) . Quantification of the proteins present in these populations showed differences in migration and concentration in infected cells from those in noninfected cells, suggesting that a difference in the distribution of cellular membranes between these two experimental conditions may exist. These differences were most obvious in population III (Fig. 1) , although this population did not contain viral components (see below).
Infectious virus and viral components are present exclusively in FFZE membrane population II. To determine the distribution of viral components among the three membrane populations separated by FFZE, the presence of astrovirus proteins, RNA, and infectious viral particles was determined. The distribution of the structural protein VP90 and the nonstructural protein nsp1a was detected by ELISA with antibodies to purified viral particles (anti-Yuc8) and to the viral protease motif (anti-1a3), respectively. The viral proteins were found only in membrane population II, specifically, between fractions 41 and 54 ( Fig. 2A  and B) . The distribution of viral proteins was also analyzed by immunoblotting using antibodies to VP90 (anti-Yuc8), the viral RNA polymerase (anti-1b1), and the viral protease (anti-1a3). The peak abundance of VP90 was detected in fractions 46 to 49, while the RNA polymerase and protease were most abundantly found in fractions 48 and 49 (Fig. 2C) . These results confirm the specific presence of viral proteins detected by ELISA in membrane population II, mainly in fractions 46 to 49.
The distribution of negative-sense viral RNA strands (antigenomic RNA [RNAag] ) and positive-sense viral RNA strands (genomic RNA [RNAg]) in the combined FFZE fractions of membrane population II, as well as in representative fractions of membrane populations I and III, was also determined by semiquantitative RT-PCR. Reverse transcription was performed with either oligonucleotide Mon343(ϩ) or Mon344(Ϫ) (see Materials and Methods) to synthesize cDNA from negative-or positive-strand RNA, respectively. After inactivation of the reverse transcriptase, the synthesized cDNA was amplified by PCR using both the Mon343(ϩ) and Mon344(Ϫ) primers in each case (see Materials and Methods). As shown in Fig. 2D , both genomic and antigenomic RNAs were detected in fractions 44 to 49, supporting the idea that astrovirus genome replication occurs in association with membranes (23) . Finally, the potential association of infectious particles with FFZE membrane fractions was also evaluated. Infectious virus was mainly detected in fractions 42 to 55, with the highest viral titer being found between fractions 46 and 49 of membrane population II, although negligible amounts of virus (Ͻ0.1% of the total infectivity) were also detected in some fractions in population III (Fig. 2E) . Altogether, these results show that RNA replication and the assembly of new viral particles occur in association with membrane population II, particularly in fractions 46 to 49, where the relative amount of viral components is enriched. Fractions 44 and 45 are also of interest since they contain high concentrations of RNA, some viral protein, but only a small fraction of the overall viral infectivity.
Proteomic analysis of FFZE membrane population II showed the presence of unique proteins involved in different biological processes. To identify cellular proteins that might be involved in astrovirus replication, the proteins present in pooled FFZE fractions 44 and 45, 46 and 47, 48 and 49, and 52 and 53 of Yuc8-infected and mock-infected cells were analyzed by shotgun LC-MS/MS. In addition, fractions 17 and 18 (membrane population I) and 78 and 79 (membrane population III) were also analyzed for comparison of their proteins to the proteins associated with the fractions in population II. The resulting fragment ion spectra were searched against those in databases of human proteins. The proteins identified in each of the pooled fractions analyzed are shown in Tables S2 and S3 in the supplemental material for astrovirus-infected and mock-infected cells, respectively. A total of 615 and 660 proteins were identified in membrane population II of infected and mock-infected cells, respectively, with an overlap of 528 proteins. Seventy-nine of these proteins were identified only in infected cells, and 127 were exclusively found in mock-infected cells (see Table S4 in the supplemental material). Our analysis next focused on pooled fractions 48 and 49, where the largest amounts of infectious virus and viral components were found. Out of the 79 proteins identified solely in membrane population II of infected cells, 11 were present uniquely in fractions 48 and 49 (Table 1; see also Table S4 in the supplemental material). On the other hand, when the fragment ion spectra were searched against the spectra in a viral sequence database, the astrovirus capsid protein and the nonstructural polyproteins nsp1a and nsp1b were identified in fractions 44 to 53 of infected cells (confirming the data presented in Fig. 2) but not in fractions 17 and 18 or 78 and 79 of infected cells or in any fraction from uninfected cells analyzed (not shown), confirming that viral proteins are present exclusively in membrane population II.
The biological processes and molecular functions of proteins identified in fractions 48 and 49 of infected and uninfected cells were determined and mapped in a protein-protein interaction network using the String database and visualized using the Cytoscape program. Most of the functional characteristics of these proteins, as expected, were shared between infected and uninfected cells, suggesting that astrovirus infection does not perturb, at least significantly, cell metabolism. There were, however, different processes and functions overrepresented in infected cells, including ATP biosynthesis and fatty acid synthesis, processes that have been shown to be relevant for efficient infection of positive-sense viruses (Table 2) (38) . Fig. 3 . Analysis of the equivalent fractions from uninfected cells showed a distribution of the origin of cellular membranes very similar to that found in infected cells (not shown). Proteins associated with membranes of different origins were detected in all three populations. Of interest was the diversity of proteins detected in fractions 48 and 49 of population II. We were able to identify proteins from multiple membrane compartments, including the Golgi apparatus, endoplasmic reticulum (ER), mitochondria, and nucleus, as well as from the plasma membrane, which were enriched in fractions 48 and 49; however, the possibility of a specific association of viral components with a specific type(s) of membrane(s) cannot be concluded from these data, and further experiments with a better resolution of cell organelles would be required to make the assignment.
Lipid and phosphoinositol metabolism and a cellular RNA helicase activity are important for astrovirus replication. Out of the 11 proteins exclusively identified in fractions 48 and 49 of infected cells (Table 3) , 6 were selected to further characterize their possible participation in astrovirus replication. Five more proteins present in fractions 48 and 49 of infected cells, although they were not exclusive to these fractions, were also characterized. The selection was based on their involvement in the biosynthetic processes identified to be overrepresented in these FFZE fractions the presence of the structural protein VP90 (anti-Yuc8) (A) and the viral protease (anti-vPro) (B) using anti-Yuc8 and anti-1a3 antibodies, respectively. (C) The FFZE fractions were pooled (2 fractions per pool, as indicated) and analyzed by Western blotting to detect VP90, the RNA polymerase (RNApol), and the viral protease (pro), using anti-Yuc8, anti-1b1, and anti-1a3 antibodies, respectively. (D) RNA was extracted from pooled FFZE fractions, and reverse transcription was carried out with oligonucleotide Mon343(ϩ) (top) to detect the negative-sense RNA or with oligonucleotide Mon344(Ϫ) (bottom) to detect the positivesense RNA; PCR was carried out with the same pair of oligonucleotides. (E) The pooled fractions were treated with trypsin (200 g/ml) for 1 h at 37°C. The titer of infectious virus was determined by an immunoperoxidase focus-forming assay as described in Materials and Methods. The data shown are representative of those from three biological replicates. and on the role that similar proteins have been reported to play in the replication of other (ϩ)RNA viruses (39) (40) (41) . The selected proteins ( The roles of the above-mentioned proteins in astrovirus replication were evaluated by knocking down the expression of the cognate genes by RNA interference. For this, Caco-2 cells were transfected with the corresponding siRNA or with an irrelevant siRNA as a control. At 72 h posttransfection, the cells were infected with Yuc8 (MOI, 5), and at 18 hpi the cells were subjected to three freeze-thaw cycles and the viral progeny was titrated as described in Materials and Methods. Silencing of the expression of the CYP51A1, DHCR7, FASN, PI4KIII␤, ITPR3, and DDX23 genes reduced the yield of virus progeny between 40 and 50% (Fig. 4) . The viability of the cells, determined by an LDH activity release assay, was not affected, and the reduction in gene expression induced by the corresponding siRNAs ranged from 40 to 80%, as determined by real-time quantitative RT-PCR of the target mRNA (data not shown).
To explore the stage of the astrovirus replication cycle affected by silencing the expression of the various genes, the synthesis of viral genomic RNA (RNAg) and antigenomic RNA (RNAag) was determined by real-time qRT-PCR. For this, Caco-2 cells transfected with siRNAs specific for DHCR7, FASN, CYP51A1, ITPR3, PI4KIII␤, or DDX23 were infected with astrovirus Yuc8 at an MOI of 5, and the cells were harvested at 12 hpi. The viral RNA was extracted and the abundance of RNAg and RNAag was determined as described in Materials and Methods. Silencing of the expression of these genes decreased the synthesis of RNAag from 75% (CYP51A1 and DDX23) to more than 90% (FASN, ITPR3, and PI4KIII␤) (Fig. 5A) , while the reduction of the level of RNAg was less pronounced, ranging from 35% for DHCR7 and CYP51A1 to about 60% for FASN, ITPR3, and DDX23 and to 80% for PI4KIII␤. The ratio of RNAg to RNAag ranged from 1.2-fold (DDX23) to 5.3-fold (ITPR3) (Fig. 5A) . The ratio of RNAg to RNAag in cells treated with an irrelevant siRNA was about 200. The moderate effect of siRNAs on the reduction of virus yield and genomic and antigenomic viral RNAs observed may be explained by the partial knockdown of the specific gene expression achieved with the various siRNAs. Alternatively, the existence in some cases of redundant enzymatic activities or the presence of enzyme isoforms not affected by the employed siRNA might also contribute to the partial inhibition effect observed.
The synthesis of the structural polyprotein VP90 in Yuc8-infected siRNA-transfected cells was also evaluated by Western blotting. At 12 hpi, the amount of accumulated VP90 ranged from 33 to 69% compared to the amount that accumulated in cells transfected with an irrelevant siRNA. The greatest effect on VP90 synthesis was observed after the expression of FASN, ITPR3, and PI4KIII␤ was knocked down (Fig. 5B) . This observation is in agreement with the finding that the cells transfected with siRNAs corresponding to these three genes showed the lowest level of RNAg. Similarly, there was a correlation between the levels of knockdown of the expression of DHCR7 and CYP51A1, which resulted in a decrease in the amount of RNAg of less than 50% and a reduction in the amount of the accumulated VP90 protein of about 40%.
DISCUSSION
It has been described that (ϩ)RNA viruses replicate in association with membranes, and the membranes that they exploit to generate structures for replication and assembly have been shown to be heterogeneous. Our group previously reported the association of structural and nonstructural astrovirus Yuc8 proteins and both RNAg and RNAag viral RNA species with cell membranes in nucleus-free extracts after density gradient separation in iodixanol (23) . Also, a protein corresponding to the carboxy terminus of nsp1a, which has been shown to interact with the viral RNA polymerase, was colocalized with viral RNA and calnexin (42, 43) . In this work, we further characterized the association of viral proteins, RNA, and infectious virus with cell membranes using FFZE as an analytical tool.
The membranes of astrovirus-infected and mock-infected Caco-2 cells were separated by FFZE into three clearly distinct populations defined by the presence of cellular proteins in the different fractions. Of interest, viral structural and nonstructural proteins, as well as genomic and antigenomic RNA and infectious viral particles, were found exclusively in FFZE membrane population II, predominantly in fractions 44 to 49, suggesting that astrovirus RNA replication and particle assembly occur in association with the same membranes and probably at the same membrane sites, refining previous observations that these processes occur with membranes in general (23) . For some (ϩ)RNA viruses, RNA replication and assembly have been described to take place in different membranous compartments (14, (44) (45) (46) . Depending on the virus, replication might occur on altered membranes derived from the ER (47), Golgi apparatus (48), mitochondria (49), lipid droplets (50), or even lysosomes (51) . For instance, the replication of hepatitis C virus (HCV) has been shown to occur in a replication complex bound either to ER membranes that contain nonstructural viral proteins and RNA (47) or to altered membranes derived from different organelles (51), as has also been observed for poliovirus (52) . In the case of astrovirus, membrane population II was found to be enriched in membranes from different organelles, including the Golgi apparatus, ER, mitochondria, plasma membrane, and nucleus, suggesting an arrangement similar to that observed for poliovirus. The finding of a large number of nuclear membrane proteins in population II is of interest, and it may reflect the idea that the nuclear envelope is continuous with the ER membrane. Further experiments are needed, however, to define whether RNA replication and particle assembly occur in the same type of membranous structures and whether the astrovirus RNA replication complex is bound to a single type of membrane or to modified membranes derived from different origins. Electron microscopy and electron tomography analyses have generated significant information about the three-dimensional architecture of the replication factories of RNA(ϩ) viruses (53) . The architecture of membrane rearrangement in astrovirus-infected cells is not known; however, ultrastructural analysis of Yuc8-infected Caco-2 cells by electron microscopy and immunoelectron microscopy showed large groups of viral particles surrounding vesicles (O rings) that were not observed in mock-infected cells and that seemed to contain the viral RNA polymerase (23) . These vesicles probably correspond to the double-membrane vesicles observed in Caco-2 cells infected with HAstV-4, beside which viral aggregates were observed (43) . Additionally, cisterna-like structures surrounding a dark center have been observed in Caco-2 cells infected with Yuc8 (23) , and these structures are similar to those found in poliovirus-infected HeLa cells (52) . In both cases, viral particles were observed around these horseshoe-like structures. The presence of structural proteins in the membrane of vesicles surrounded by viral particles has also been described for both HAstV-4 and HAstV-8 (23, 43) . Even though it would be necessary to directly study the participation of lipid droplets in the rearrangement of membranes induced by astrovirus, the fact that these organelles are considered to originate from the ER (54) suggests their possible participation in the new membranous structures generated during astrovirus replication. Effect of siRNAs on the synthesis of the structural polyprotein VP90. The cells were transfected and infected as described above. At 12 hpi, the cell monolayer was solubilized in Laemmli sample buffer and the proteins were analyzed by Western blotting. The structural polyprotein VP90 was detected using anti-Yuc8 serum. Tubulin was used as a loading control. The optical density of the bands was normalized to that of the loading control (tubulin), and the percentage of the VP90 signal of cells transfected with the indicated siRNAs was calculated using the intensity of VP90 from cells transfected with an irrelevant siRNA to be an intensity of 100%. The blots are representative of those from three independent experiments. The evidence that FFZE fractions 48 and 49 from population II of infected cells were highly enriched in Yuc8 proteins and viral RNA suggested that these fractions may be important for viral replication. To investigate this further, we selected from these fractions 11 proteins that were either involved in enriched biosynthetic processes (Table 3) or previously reported to be required for the replication of (ϩ)RNA viruses (55) (56) (57) (58) (59) (60) to investigate their possible role in astrovirus replication. RNA interference of the genes encoding these 11 proteins showed that knocking down the expression of 6 of them reduced the yield of infectious virus. These findings reveal that the cholesterol synthesis enzymes DHCR7 and CYP51A1, the fatty acid synthase FASN, the phosphatidylinositol kinase PI4KIII␤, the inositol 1,4,5-trisphosphate receptor ITPR3, and the RNA helicase DDX23 are all required for the efficient replication of the virus in Caco-2 cells. The moderate effect of siRNAs on the reduction of virus yield and genomic and antigenomic viral RNAs that was observed may be explained by the partial knockdown of the expression of the specific genes achieved with the various siRNAs. Alternatively, the existence in some cases of redundant enzymatic activity or the presence of enzyme isoforms not affected by the siRNA employed might also contribute to the partial inhibition effect observed. Finally, the transfection efficiency of the siRNAs is also a factor to consider, since the untransfected, astrovirus-infected cells produced a normal amount of viral progeny.
The requirement of cholesterol and fatty acid synthesis for astrovirus replication is not unprecedented. In fact, other (ϩ)RNA viruses have also been shown to depend on the synthesis of these compounds and to induce extensive ultrastructural changes in infected cells to provide the platforms required to assemble arrays of replication factories (61) . For example, HCV infection induces significant changes in the expression of genes involved in the biosynthesis, degradation, and transport of intracellular lipids (62) and alters lipid metabolism (63) . In the case of dengue virus, fatty acid biosynthesis was identified to be a cellular pathway required for virus replication (40, (64) (65) (66) . The replication of dengue virus was also shown to depend on the production of endogenous cholesterol, since the virus nonstructural proteins associate with lipid rafts and cholesterol depletion reduces the rates of Japanese encephalitis virus and dengue virus infection (67, 68) . It has also been reported that West Nile virus modulates host cell cholesterol homeostasis by upregulating cholesterol biosynthesis and redistributing cholesterol to viral replication membranes (69) . Furthermore, HCV infection increases the abundance and activity of FASN, with a corresponding increase in the production of fatty acids and neutral lipids (70) , and dengue virus induces the relocalization of FASN, recruiting it to the virus replication sites (40) in a process mediated by Rab18, which is inserted into the phospholipid monolayer of lipid droplets and is responsible for the trafficking of lipid droplets inside cells (66, 71) .
An additional angle of lipid metabolism in virus-infected cells is related to lipid droplets (72) . The association of HCV proteins and viral factories with lipid droplets is necessary for the replication and assembly of virus progeny (45, 73, 74) , and the replication of dengue virus also dependd on these organelles (46) . In the case of rotavirus, a dsRNA virus, lipid droplets have been shown to be recruited to viral replication complexes in viroplasms (44) . Of interest, the neutral lipids stored in these organelles have been shown to be used to generate the energy likely required for the replication of HCV and rotavirus (63, 75) . The involvement of pathways of fatty acid biosynthesis found in this work suggests that lipid droplets might also work as an energy source for astrovirus replication.
RNA helicases have important roles in viral life cycles, where they are either encoded by the virus genome or recruited from the host. These enzymes are particularly important for RNA viruses since they are involved in replication of the viral genome and in mRNA translation. Despite the length of the astrovirus genome of 6.8 to 7.9 kb, a virus-encoded RNA helicase has not been identified, and it has been speculated that astrovirus uses a cellular enzyme (8) . In this regard, it is of interest that a cellular RNA helicase was identified in our proteomic approach. Its precise role in astrovirus replication needs to determined, but the fact that knockdown of the expression of helicase DDX23 decreases the virus yield, as well as RNA and protein synthesis, indicates that it has a relevant role during the life cycle of the virus. Similar results have been reported for coronaviruses; the nonstructural protein 14 of the coronavirus infectious bronchitis virus interacts with DDX1, a cellular RNA helicase in the DEX(D/H) helicase family. The replication of this virus was decreased by manipulating the expression of DDX1 either by RNA interference or by overexpression of a mutant DDX1 protein (76) .
Phosphoinositols (PIs) are phospholipids that mediate signaling cascades in the cell by binding to effector proteins. Reversible phosphorylation of the inositol ring at positions 3, 4, and 5 results in the synthesis of seven different PIs, each of which has a unique subcellular distribution with a predominant localization in subsets of membranes (39) . These lipids play a major role in recruiting and regulating the function of proteins at membrane interfaces (77) , and the requirement for PI4KIII isoforms ␣ and ␤ (PI4KIII␣ and PI4KIII␤, respectively) for virus replication has been reported. Lim and Hwang (78) showed that PI4KIII␣ is indispensable for HCV replication, specifically, for the structural integrity of the membranous structures with which the HCV replication complex interacts. In enterovirus, the recruitment of PI4KIII␤ to membranes increases the synthesis of phosphatidylinositol 4-phosphate (PI4P) lipids, resulting in a PI4P-enriched membrane microenvironment that enhances the recruitment of the viral RNA-dependent RNA polymerase, which in turns initiates RNA synthesis at these membranes (79) . PI4P lipid-enriched membranes have also been proposed to generate high-curvature membrane pockets to protect viral proteins and RNA from host defense (80) and/or to provide binding sites to concentrate viral/ host proteins at the membranous web for efficient viral RNA synthesis (39) . Further studies are required to determine the mechanism through which PI4KIII␤ contributes to the replication of astrovirus.
The precise step of the astrovirus replication cycle that is favored by the various host factors identified in this work is difficult to determine. Upon infection, the genomic RNA is translated into a nonstructural polyprotein, which, after being processed by viral and cellular proteases, renders the RNA-dependent RNA polymerase and other viral proteins needed to form the viral RNA replication complex. This replication complex, in turn, synthesizes the RNAag using RNAg as the template. The RNAag is then copied by the replication complex into additional RNAg molecules and also serves as a template to synthesize the subgenomic RNA that encodes the virus structural proteins. The observation that the synthesis of RNAag was impaired to a greater extent than that of RNAg (RNAg/RNAag ratio, 1.2 to 5.3) in most of the cases evaluated in this work suggests that the proteins identified to be required for astrovirus replication are needed directly or indirectly to favor the synthesis of RNAag. Further work is needed to define in more detail the stage of the replication cycle that requires the identified proteins, although it is not unreasonable to assume that at least the enzymes involved in lipid metabolism could be required to provide the membranous environment required for an efficient RNA replication process and might also be required in a pathway involved in the production of energy from fatty acid breakdown during virus replication, as has been reported for other viruses.
In summary, the results presented in this study strongly suggest that astrovirus replication and virus assembly take place in association with cell membranes possibly derived from different organelles and exploit cellular lipid metabolism for efficient replication in Caco-2 cells. The mechanism through which the genes found in this work contribute to a successful virus infection is unknown, but their identification provides the basis for further studies that will allow us to deepen our knowledge about the replication of this important pathogen.
